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power to a battery. The power management apparatus
includes a plurality of comparison units configured to com-
pare voltages of storage devices respectively connected to
output terminals of a plurality of harvesting power sources
with a preset threshold voltage. A control unit 1s configured
to control an operation of the power management apparatus.
A plurality of switching units are installed between the
storage devices and a battery and are configured to be turned
on/ofl 1n response to switching control signals output from
the control unit and to form power transmission paths
between corresponding storage devices and the battery. The
control unit generates and provides the switching control
signals based on output signals of the comparison units.
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POWER MANAGEMENT APPARATUS AND
MULTI-SOURCE ENERGY HARVESTING
SYSTEM USING THE SAME

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Korean Patent
Application No. 10-2013-0102143, filed on Aug. 28, 2013,
which 1s hereby incorporated by reference 1n its entirety into
this application.

BACKGROUND OF THE INVENTION

1. Technical Field

The present mvention relates generally to a power man-
agement apparatus and a multi-source energy harvesting
system using the apparatus and, more particularly, to an
apparatus and system that store power i a battery by
inputting the power from two or more energy harvesting
sources (power sources).

2. Description of the Related Art

As the minmiaturization of peripheral devices has become
more and more important nowadays, the supply of power
has become a serious problem due to limited battery lifetime
of the peripheral devices. It 1s ineflicient to periodically
replace a battery or recharge the battery 1n a device that must
be operated for a long period of time because high cost and
much time are required.

Technology for solving this problem is energy harvesting.
Energy harvesting 1s technology for harvesting ambient
wasted energy such as light, heat or vibration, converting
harvested energy into electric energy, and utilizing such
clectric energy. At the present time at which environment-
irendly energy 1s emphasized, such energy harvesting is
increasingly attracting attention. Accordingly, energy har-
vesting systems for converting energy from various energy
sources such as photovoltaic or solar devices, piezoelectric
devices, or thermal energy converters into electric energy
and supplying electric power without being supplhied with
external power have been presented 1n various manners.

In order to improve the performance of power supply in
an energy harvesting system, the management and distribu-
tion of power by the energy harvesting system must be
tavorably performed upon simultanecously utilizing two or
more energy sources. That 1s, in the energy harvesting
system, 1t 15 1important to efliciently supply harvested pow-
ers, input from two or more harvesting sources either
simultaneously or at different times, to a battery or an
clectric energy storage device (hereimnafter collectively
referred to as a “battery”) having the same function as the
battery without wasting power.

Further, when an algorithm for a power management
distribution circuit 1s implemented using a circuit, the com-
plexity and power consumption thereol must be minimized.

As preceding technology related to this, there 1s technol-
ogy which 1s published 1n the academic journal of Design,
Automation & Test 1n Europe Conference & Exhibition in
March, 2011 (enftitled “An Effective Multi-Source Energy
Harvester for Low Power Applications™) and which supplies
power to a load depending on the charge and discharge
conditions of a battery in an energy harvesting system
having a plurality of harvester inputs.

The technology disclosed 1n the academic journal (“An
Effective Multi-Source Energy Harvester for Low Power
Applications™) 1s configured to select a harvester to be
connected to a load using only a Schottky diode. In this case,
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2

since the Schottky diode 1s used, there 1s a high probability
that power loss caused by the turning-on of the diode will
OCCUL.

SUMMARY OF THE INVENTION

Accordingly, the present invention has been made keep-
ing i mind the above problems occurring in the prior art,
and an object of the present mnvention is to provide a power
management apparatus and a multi-source energy harvesting
system using the apparatus, which manage power supplied
by individual harvesting sources without wasting the power,
thus efliciently distributing the power to a battery.

In accordance with an aspect of the present invention to
accomplish the above object, there 1s provided a power
management apparatus, including a plurality of comparison
units configured to compare voltages ol storage devices
respectively connected to output terminals of a plurality of
harvesting power sources with a preset threshold voltage; a
control unit configured to control an operation of the power
management apparatus; and a plurality of switching units
installed between the respective storage devices and a bat-
tery and configured to be turned on/ofl 1 response to
switching control signals output from the control unit and to
form power transmission paths between corresponding stor-
age devices and the battery, wherein the control unit gen-
erates and provides the switching control signals based on
output signals of the plurality of comparison units.

Preferably, the control unmit may include a frequency
divider for dividing a frequency of an external clock by a
certain number; a clock output unit for outputting a plurality
of clocks having rising edges at different times based on the
clocks output from the frequency divider; and a switching
control signal generation circuit unit for generating and
outputting switching control signals for the plurality of
switching units based on the plurality of clocks output from
the clock output unit and outputs of the plurality of com-
parison units.

Preferably, the switching control signal generation circuit
unmit may include D flip-flops of a first group for outputting
signals generated 1n response to on the plurality of clocks
output from the clock output unit and the external clock;
logic gates for outputting resulting values obtained by
performing a logic operation on output signals of the D
tlip-flops of the first group and output signals of the plurality
of comparison units; and D flip-flops of a second group for
receiving an output of the logic gate through asynchronous
reset terminals thereof and outputting switching control
signals for the plurality of switching units based on the
output signals of the plurality of comparison units and the
output signals of the D thp-flops of the first group.

Preferably, the D flip-flops of the first group may include
a first D fthip-flop for outputting a signal generated 1n
response to a first clock of the clock output unit and the
external clock; a second D flip-flop for outputting a signal
generated 1n response to a second clock of the clock output
umt and the external clock; and a third D flip-tlop for
outputting a signal generated in response to a third clock of
the clock output unit and the external clock.

Preferably, the logic gates may include a first AND gate
for outputting a resulting value obtained by performing a
logic operation on the output signal of the first D tlip-tlop
and an output signal of a first one of the plurality of
comparison units; a second AND gate for outputting a
resulting value obtained by performing a logic operation on
the output signal of the second D ftlip-tlop and an output
signal of a second one of the plurality of comparison units;
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a third AND gate for outputting a resulting value obtained by
performing a logic operation based on the output signal of
the third D flip-flop and an output signal of a third one of the
plurality of comparison units; a first OR gate for outputting
a resulting value obtained by performing a logic operation
on output signals of the second AND gate and the third AND
gate; a second OR gate for outputting a resulting value
obtained by performing a logic operation on output signals
of the first AND gate and the third AND gate; and a third OR
gate for outputting a resulting value obtained by performing
a logic operation on output signals of the first AND gate and
the second AND gate.

Preferably, the D flip-flops of the second group may
include a fourth D flip-flop for receiving an output of the first
OR gate through an asynchronous reset terminal thereof, and
outputting a control signal for a first one of the plurality of
switching units based on an output signal of the first one of
the plurality of comparison units and an output signal of the
first D tlip-flop; a fifth D flip-tlop for receiving an output of
the second OR gate through an asynchronous reset terminal
thereol, and outputting a control signal for a second one of
the plurality of switching units based on an output signal of
the second one of the plurality of comparison units and an
output 51gnal of the second D tlip-tlop; and a sixth D flip-tlop
for receiving an output of the third OR gate through an
asynchronous reset terminal thereof, and outputting a con-
trol signal for a third one of the plurality of switching units
based on an output signal of the third one of the plurality of
comparison units and an output signal of the third D flip-
flop.

Preferably, the switching control signal generation circuit
unit may include a first D flip-flop for outputting a signal
generated 1n response to a first clock of the clock output unit
and the external clock; a second D tlip-tlop for outputting a
signal generated 1n response to a second clock of the clock
output unit and the external clock; a first AND gate for
outputting a resulting value obtained by performing a logic
operation on the output signal of the first D tlip-tlop and an
output signal of a first one of the plurality of comparison
units; a second AND gate for outputting a resulting value
obtained by performing a logic operation on the output
signal of the second D flip-flop and an output signal of a
second one of the plurality of comparison units; a third D
tlip-tflop for receiving an output of the second AND gate
through an asynchronous reset terminal thereof, and output-
ting a control signal for a first one of the plurality of
switching units based on an output signal of the first one of
the plurality of comparison units and the output signal of the
first D flip-flop; and a fourth D flip-flop for receiving an
output of the first AND gate through an asynchronous reset
terminal thereot, and outputting a control signal for a second
one of the plurality of switching units based on an output
signal of the second one of the plurality of comparison units
and the output signal of the second D flip-flop.

Preferably, each of the storage devices may be imple-
mented using a capacitor.

Preferably, power supplied to the battery may be greater
than power supplied by each of the plurality of harvesting
pPOWEr Sources.

Preferably, the power management apparatus may further
include a voltage doubler unit for amplifying an output of
the control unit 1n accordance with intensities of ON/OFF
control mputs for the plurality of switching unaits.

In accordance with another aspect of the present invention
to accomplish the above object, there 1s provided a multi-
source energy harvesting system, including a plurality of
storage devices respectively connected to output terminals
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4

of a plurality of harvesting power sources, respectively, and
configured to store respective outputs of the plurality of
harvesting power sources; a battery configured to store
power of the plurality of harvesting power sources; and a
power management apparatus configured to transfer the
power of the plurality of harvesting power sources to the
battery, wherein the power management apparatus com-
prises a plurality of comparison units configured to compare
voltages of the plurality of storage devices with a preset
threshold voltage; a control unit configured to control an
operation of the power management apparatus; and a plu-
rality of switching units installed between the respective
storage devices and the battery and configured to be turned
on/oil 1n response to switching control signals output from
the control unit and to form power transmission paths
between corresponding storage devices and the battery,
wherein the control unit generates and provides the switch-
ing control signals based on output signals of the plurality of
comparison units.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of
the present invention will be more clearly understood from
the following detailed description taken 1n conjunction with
the accompanying drawings, in which:

FIG. 1 1s a configuration diagram showing a multi-source
energy harvesting system according to an embodiment of the
present 1nvention;

FIG. 2 1s a diagram showing an example of the internal
configuration of a control umt shown 1n FIG. 1;

FIG. 3 1s a timing diagram showing the operation of the
control unit of FIG. 2;

FIG. 4 1s a wavelorm diagram showing the results of
simulation of the power management apparatus shown 1n
FIG. 1;

FIG. § 1s a flowchart showing the operation of the power
management apparatus according to an embodiment of the
present invention; and

FIG. 6 1s a diagram showing a modification of FIG. 2.

DESCRIPTION OF THE PREFERREI
EMBODIMENTS

The present invention may be variously changed and may
have various embodiments, and specific embodiments will
be described 1n detail below with reference to the attached
drawings.

However, 1t should be understood that those embodiments
are not mtended to limit the present mvention to specific
disclosure forms and they include all changes, equivalents or
modifications included 1n the spirit and scope of the present
invention.

The terms used in the present specification are merely
used to describe specific embodiments and are not intended
to limit the present invention. A singular expression includes
a plural expression unless a description to the contrary is
specifically pointed out in context. In the present specifica-
tion, 1t should be understood that the terms such as “include”
or “have” are merely intended to indicate that features,
numbers, steps, operations, components, parts, or combina-
tions thereol are present, and are not intended to exclude a
possibility that one or more other features, numbers, steps,
operations, components, parts, or combinations thereof will
be present or added.

Unless differently defined, all terms used here including
technical or scientific terms have the same meanings as the




US 9,618,963 B2

S

terms generally understood by those skilled in the art to
which the present invention pertains. The terms 1dentical to
those defined 1 generally used dictionaries should be inter-
preted as having meanings i1dentical to contextual meanings
of the related art, and are not interpreted as being 1deal or
excessively formal meanings unless they are definitely
defined 1n the present specification.

Embodiments of the present invention will be described in
detail with reference to the accompanying drawings. In the
following description of the present invention, the same
reference numerals are used to designate the same or similar
clements throughout the drawings and repeated descriptions
of the same components will be omatted.

FIG. 1 1s a configuration diagram showing a multi-source
energy harvesting system according to an embodiment of the
present invention.

In FIG. 1, for easy understanding of the present invention,
the number of multiple sources (that 1s, harvesting power
sources) 1s assumed to be 3.

The multi-source energy harvesting system according to
the embodiment of the present invention includes harvesting,
power sources 10, 12, and 14, a clock oscillator 16, a battery
18, a regulator 20, and a power management apparatus 50.

The harvesting power sources 10, 12, and 14 are power
sources for supplying predetermined power for multi-source
energy harvesting. The harvesting power sources 10, 12, and
14 may be 1dentical or different energy sources. The har-
vesting power sources 10, 12, and 14 supply their own
powers either simultaneously or at different times.

Storage devices (for example, capacitors) for storing the
outputs of the corresponding power sources are connected to
the output terminals of the respective harvesting power
sources 10, 12, and 14. That 1s, a rechargeable capacitor C,
1s connected to the output terminal of the harvesting power
source 10, a rechargeable capacitor C, 1s connected to the
output terminal of the harvesting power source 12, and a
rechargeable capacitor C; 1s connected to the output terminal
of the harvesting power source 14.

The clock oscillator 16 provides a clock to the power
management apparatus 50. The clock oscillator 16 1s sup-
plied with constant voltage power from the battery 18, which
stores or uses harvesting power, via a regulator 20.

The power management apparatus 50 1s configured to,
when powers from the harvesting power sources 10, 12, and
14 are mput either simultaneously or at different times and
the multi-source energy harvesting system 1s operated, efli-
ciently manage respective energy harvesting powers, and
distribute and supply the energy harvesting powers to the
battery 18. The power management apparatus 50 1s supplied
with constant voltage power from the battery 18, which
stores or uses the harvesting power, via the regulator 20.

The intensities of powers supplied by (output from) the
respective harvesting power sources 10, 12, and 14 are set
based on the mtensity of power supplied to the power
management apparatus 50 after passing through a power
supply circuit which performs a maximum power point
tracking (MPPT) function or a similar function.

Further, 1n order to supply all of powers which are input
from the plurality of harvesting power sources 10,12, and 14
to the battery 18, the multi-source energy harvesting system
according to an embodiment of the present invention sets the
intensity of the power supplied to the battery 18 to a value
greater than the power supplied to each of the harvesting
power sources 10, 12, and 14.

In FIG. 1, the power management apparatus 50 includes
comparison units 30, 32, and 34, a control unit 36, switches

38, 40, and 42, and a voltage doubler unit 44.
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Each of the comparison units 30, 32, and 34 compares the
voltage of the capacitor connected to the output terminal of
the corresponding harvesting power source 10, 12, or 14
with a preset threshold voltage.

That 1s, the comparison unit 30 compares the voltage V -,
of the capacitor C, connected to the output terminal of the
harvesting power source 10 with a preset threshold voltage
V .. The comparison unit 30 1s operated 1n response to an
enable signal en output from the control unit 36. The
comparison unit 30 1s operated only when the enable signal
en 1s at a high level, thus preventing power from unneces-
sarily being consumed 1n an interval 1n which the operation
of the comparison unit 30 1s not required. If the voltage V -,
of the capacitor C, 1s greater than the threshold voltage V ..,
the comparison unit 30 outputs a high level signal to the
control unit 36, whereas if the voltage V ., of the capacitor
C, 1s less than the threshold voltage V ,,,, the comparison
unit 30 outputs a low level signal to the control unit 36.

The comparison unit 32 compares the voltage V -, of the
capacitor C, connected to the output terminal of the har-
vesting power source 12 with the preset threshold voltage
V ... The comparison unit 32 1s operated 1n response to the
enable signal en output from the control unit 36. The
comparison unit 32 1s operated only when the enable signal
en 1s at a high level, thus preventing power from being
unnecessarily consumed in an interval in which the opera-
tion of the comparison unit 32 1s not required. If the voltage
V ~, of the capacitor C, 1s higher than the threshold voltage
V .., the comparison unit 32 outputs a high level signal to
the control unit 36, whereas 1f the voltage V., of the
capacitor C, 1s less than the threshold voltage V.., the
comparison unit 32 outputs a low level signal to the control
unit 36.

The comparison unit 34 compares the voltage V -, of the
capacitor C, connected to the output terminal of the har-
vesting power source 14 with the preset threshold voltage
V . The comparison unit 34 1s operated 1n response to the
enable signal en output from the control unit 36. The
comparison unit 34 1s operated only when the enable signal
en 1s at a high level, thus preventing power from being
unnecessarily consumed in an interval in which the opera-
tion of the comparison unit 34 1s not required. If the voltage
V ~; of the capacitor C; 1s greater than the threshold voltage
V -, the comparison unit 34 outputs a high level signal to
the control unit 36, whereas 1f the voltage V-, of the
capacitor C, 1s less than the threshold voltage V.., the
comparison unit 34 outputs a low level signal to the control
unit 36.

Here, the comparison units 30, 32, and 34 may be
implemented as comparators, respectively. Any one of the
capacitor voltages V ,, V ~,, and V ~, of 1s input to any one
input terminal A of each comparison unit 30, 32, or 34 via
a power distribution circuit composed ot R, and R ,, and the
threshold voltage V ., 1s mput to the remaining input ter-
minal B of the comparison unit 30, 32, or 34. Here, 1 denotes
an iteger indicating the number n of harvesting power
sources ranging ifrom 1, where 1=1, 2, and 3 (n=3). The
power distribution circuit composed of R, and R, 1s con-
figured to, when the mput voltage of the harvesting power
source 10, 12, or 14 1s greater than the operating voltage of
the digital circuit of the power management apparatus 50,
adjust the operating ranges of the iput/output voltages
between the harvesting power source and the power man-
agement apparatus, and to prevent power loss from occur-
ring due to the voltage division circuit by using a high
resistance value.
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Further, the threshold voltage V -, satisfies the following
equation:

RrH1
= Vry

Rryy + Rryo

where R ;;, and R, are also implemented using a high
resistance value so that power loss does not occur. V, .
denotes the voltage of the battery 18. In actual implemen-
tation, a bandgap reference circuit for stably maintaining the
threshold voltage V.., may be included.

The control unit 36 controls the operation of the algorithm
of the corresponding power management apparatus 50. For
example, the control unit 36 may be implemented as a

Digital Control Unit (DCU).

Switches 38, 40, and 42 are respectively installed between
the voltage terminals of the corresponding capacitors and the
input terminal of the battery 18, and are turned on/ofl 1n
response to switching control signals passing through the
voltage doubler unit 44. For example, the switch 38 1s
disposed between the voltage terminal V ., of the capacitor
C, and the mput terminal of the battery 18, the switch 40 1s
disposed between the voltage terminal V ., of the capacitor
C, and the mput terminal of the battery 18, and the switch
42 1s disposed between the voltage V -, of the capacitor C,
and the input terminal of the battery 18. Here, respective first
terminals of the switches 38, 40, and 42 are coupled in
common and are connected to the mput terminal of the
battery 18.

The voltage doubler unit (Clock Voltage Doubler: CVD)
44 amplifies the output voltage of the control unit 36 1n
accordance with the intensities of the ON/OFF control
inputs of the switches 38, 40, and 42.

FIG. 2 1s a diagram showing an example of the internal
configuration of the control unit 36 shown in FIG. 1.

The control unit 36 includes a frequency divider 60, a
Johnson counter 62, D tlip-tlops 64, 66, 68, 74, 80, and 86,
and logic gates 70, 72, 76, 78, 82, and 84.

The frequency divider 60 divides a clock frequency by a
random number. In an embodiment of the present invention,
the frequency divider 60 1s assumed to divide the clock
frequency by 2, that 1s, to obtain %2 of clock frequency. In
detail, the frequency divider 60 1s configured to, when a
clock clk from the clock oscillator 16 1s mput to the clock
terminal CLK of the control unit 36, divide the frequency of
the clock CLK by 2, and output a clock DCLK having a
frequency corresponding to %2 of the clock frequency to the
Johnson counter 62.

The Johnson counter 62 receives the clock DCLK from
the frequency divider 60 and outputs an m(m=2*n, n=3)-bit
signal. It 1s apparent that the internal configuration of the
Johnson counter 62 may be sufliciently understood by those
skilled 1n the art from well-known technology. The output of
the Johnson counter 62 1s used to generate enable signals.
That 1s, the Johnson counter 62 outputs enable signals EN,,
EN,, and EN; at a predetermined level (for example, a high
level (*17) or a low level (*0”)). In this case, three enable

signals EN, F

EN,, and EN; sequentially make a transition to
a high level and then make a transition to a low level while
being temporally shifted from each other, without simulta-
neously making a transition to a high level. For example, the
present invention may take a scheme in which, after the
enable signal EN, first makes a transition to a high level and
make a transition to a low level, the enable signal EN, makes
a transition to a high level and makes a transition to a low
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level, and then the enable signal EN, makes a transition to
a high level and makes a transition to a low level. Conse-
quently, the Johnson counter 62 may be regarded as output-
ting a plurality of clocks (that 1s, the enable signals EN,,
EN,, and EN,), the rising edges of which occur at different
times, based on the clock output from the frequency divider
60. The above-described Johnson counter 62 may be an
example of a clock output unit described 1n the accompa-
nying claims of the present invention.

When “1” 1s mput to the mput terminals D of the D
tlip-flops 64, 66, and 68, and a high level clock 1s mput to
the clock terminals clk thereof, “1” 1s output through the
output terminals Q thereof. That 1s, the D ftlip-flop 64
receives the enable signal EN, output from the Johnson
counter 62 and the clock output from the clock oscillator 16,
and outputs an output signal DEN, having a predetermined
signal level, based on the signal levels of the enable signal
EN, and the clock. The D flip-flop 66 receives the enable
signal EN, output from the Johnson counter 62 and the clock
output from the clock oscillator 16, and outputs an output
signal DEN,, having a predetermined signal level, based on
the signal levels of the enable signal EN, and the clock. The
D flip-tlop 68 receives the enable signal EN, output from the
Johnson counter 62 and the clock output from the clock
oscillator 16, and outputs an output signal DEN; having a
predetermined signal level, based on the signal levels of the
enable signal EN; and the clock.

The AND gate 70 receives the output signal DEN, of the
D flip-tflop 64 and the output signal of the comparison unit
30, performs a logic operation on the receirved signals, and
outputs a resulting value AND_OUT,.

The OR gate 72 recerves the output 81gnal AND_OUT, of
the AND gate 76 and the output signal AND_OUT, of the
AND gate 82, performs a logic operation on the recerved
signals, and outputs a resulting value OR_OUT,.

The D flip-tlop 74 has an asynchronous reset function.
The terminal D of the D thip-tlop 74 1s connected to the
output terminal of the comparison unit 30, the clock terminal
clk of the D thip-tflop 74 1s connected to the output terminal
Q of the D tlip-tlop 64, and the terminal AR of the D thp-flop
74 1s connected to the output terminal of the OR gate 72.
Therefore, when “1” 1s connected to the terminal D of the D
tlip-tflop 74, and a high level clock 1s mput to the clock
terminal clk thereof, “1” 1s output through the output ter-
minal QQ thereotf. However, when “1” 1s input to the terminal
AR, “0” 1s output through the output terminal Q of the D
tlip-flop 74 regardless of the input of the clock and the value
of the terminal D. Here, the output signal OUT, of the D
tlip-flop 74 1s transferred, as a switching control signal for
the switch 38, to the voltage doubler unit 44.

The AND gate 76 receives the output signal DEN, of the
D flip-flop 66 and the output signal of the comparison unit
32, performs a logic operation on the receirved signals, and
outputs a resulting value AND_OUT,.

The OR gate 78 receives the output AND_OUT, of the
AND gate 70 and the output AND_OUT, of the AND gate
82, performs a logic operation on the received signals, and
outputs a resulting value OR_OUT,,.

The D flip-flop 80 has an asynchronous reset function.
The terminal D of the D tlip-tlop 80 1s connected to the
output terminal of the comparison unit 32, the clock terminal
clk thereof 1s connected to the output terminal QQ of the D
tlip-flop 66, and the terminal AR thereof 1s connected to the
output terminal of the OR gate 78. Therefore, when “1” 1s
input to the terminal D of the D tlip-tlop 80, and a high-level
clock 1s mput to the clock terminal clk, “1” 1s output through
the output terminal Q. But, when “1” 1s mput through the
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terminal AR, “0” 1s output through the output terminal Q)
regardless of the mput of the clock and the value of the
terminal D. The output signal OUT, of the D flip-flop 80 1s
transierred, as a switching control signal for the switch 40,
to the voltage doubler unit 44.

The AND gate 82 recerves the output signal DEN, of the
D flip-flop 68 and the output signal of the comparison unit
34, performs a logic operation on the receirved signals, and
outputs a resulting value AND_OUT,.

The OR gate 84 receives the output 51gnal AND_OUT, of
the AND gate 70 and the output signal AND_OUT, of the
AND gate 76, performs a logic operation on the recerved
signals, and outputs a resulting value OR_OUTS,.

The D flip-flop 86 has an asynchronous reset function.
The terminal D of the D thip-tlop 86 1s connected to the
output terminal of the comparison unit 34, the clock terminal
clk thereof 1s connected to the output terminal QQ of the D
tlip-flop 68, and the terminal AR thereof 1s connected to the
output terminal of the OR gate 84. Therefore, when 17 1s
input to the terminal D of the D flip-flop 86 and a high level
clock 1s mput to the clock terminal clk, “1” 1s output through
the output terminal Q. However, when “1” 1s mput to the
terminal AR, “0” 1s output through the output terminal
regardless of the mput of the clock and the value of the
terminal D. Here, the output signal OUT; of the D flip-tlop
86 1s transierred, as a switching control signal for the switch
42, to the voltage doubler unit 44.

In FIG. 2, the Johnson counter 62 1s a 6-bit Johnson
counter, wherein, when the output bits of the Johnson
counter 62 are QCO to QC5 1n sequence, QC1, QC3, and
QC5 are not used so as to prevent the mput signals and the
asynchronous reset signals of the D flip-tflops 74, 80, and 86
from conflicting with each other. Generally, 1n the case of an
m-bit Johnson counter, only even-numbered bits or odd-
numbered bits of the output bits are selectively used.

The above-described D thp-flops 64, 66, 68, 74, 80, and
86 and the logic gates 70, 72, 76, 78, 82, and 84 are
examples of the switching control signal generation circuit
unit described 1n the accompanying claims of the present
invention. That 1s, the switching control signal generation
circuit unit generates and outputs switching control signals
for a plurality of switches 38, 40, and 42 based on the
plurality of clocks output from the Johnson counter 62 and
the outputs of the plurality of comparison units 30, 32, and
34. In this way, 1t may be considered that the switching
control signal generation circuit umt includes the above-
described D flip-flops 64, 66, 68, 74, 80, and 86 and the logic
gates 70, 72, 76, 78, 82, and 84 so as to perform 1ts own
function.

Below, the switching control signal generation circuit unit
will be described 1n detail. It may be considered that the
switching control signal generation circuit unit includes D
tlip-flops of a first group, logic gates, and D tlip-tlops of a
second group. The D flip-tlops of the first group output
different signals 1n response to a plurality of clocks output
from the Johnson counter 62 and an external clock (that 1s,
the clock of the clock oscillator 16). The logic gates output
resulting values obtained by performing logic operations on
the output signals of the D flip-tlops of the first group and the
output signals of the plurality of comparison units 30, 32,
and 34. The D flip-tlops of the second group receive the
outputs of the logic gates through their asynchronous reset
terminals and output switching control signals for a plurality
of switching units based on the output signals of the com-
parison units and the output signals of the D flip-flops of the
first group. Here, the D flip-tflops of the first group may be
the D tlip-tlops 64, 66, and 68, the logic gates may be the
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AND gates 70, 76, and 82 and the OR gates 72, 78, and 84,
and the D flip-flops of the second group may be the D
tlip-flops 74, 80, and 86.

The operation of the control unit 36 shown in FIG. 2 will
be described 1n detail below with reference to FIG. 1.

When 1=1, the frequency divider 60 applies a clock DCLK
having a frequency corresponding to half of the frequency of
a clock CLK to the Johnson counter 62, and the Johnson
counter 62 changes the level of the output signal EN, to a
high level 1n response to the clock DCLK. In this case, the
comparison unit 30 i1s enabled to compare the magnitudes of
inputs V., and V.., with each other.

Here, the check period of the clock DCLK 1s defined as

At, which may be represented by the following Equation:

Vg — Vearr

Ar=C;-
Ip

=Ci-Rpiy =7

where 1, may be given by the following Equation:

In=(Vg—Vaarr)/Rps,

where 1, denotes the charging current of the battery 18 and
R . denotes the internal resistance of the battery. Here, 1n
order to adjust the charging current I, of the battery, a
resistor may be included between the output terminals of the
switches 38, 40, and 42 and the 1nput terminal of the battery
18. Further, when a battery having a voltage higher than the
output voltages of the respective switches 38, 40, and 42 1s
connected, a Direct Current (DC)-DC converter may be
included between the output terminals of the switches 38,
40, and 42 and the input terminal of the battery 18 so as to
charge the battery.

Further, time corresponding to the period of the clock
DCLKx2 must be shorter than At. In the above description,
At has been defined as the check period, but may also be
designated as a check cycle.

When the output signal DEN, delayed by the clock CLK
at the D flip-flop 64 1s mput as the clock of the D flip-flop
74, the output signal OUT, of the D flip-flop 74 makes a
transition to a high state if the output signal IN, of the
comparison unit 30 1s 1n a high state. Accordingly, the switch
38 1s turned on and closed by the voltage doubler unit 44,
and then a power transmission path 1s formed between the
capacitor C connected to the harvesting power source 10 and
the battery 18. In this case, the high level output signal
AND_OUT, of the AND gate 70 resets the remaining D
tlip-flops 80 and 86, thus turning off all the switches that
have been previously connected.

However, when the output signal of the comparison unit
30 1s 1n a low state, the level of the output signal of the D
tlip-flop that was previously 1n the high state 1s maintained
without change, and thus the state of the connection between
the capacitor and the battery that was previously made 1s
maintained without change.

The above-described procedure 1s equally performed for
1=2 and 3, and then is repeated from 1=1.

FIG. 3 1s a timing diagram showing the operation of the
control unit 36 of FIG. 2.

A time slot indicated in the lower portion of FIG. 3
denotes a time interval 1n which the corresponding harvest-
ing power source (Energy Harvester 1, EH,, 1=1, 2, 3) 1s
connected to the battery 18.

On the rising edges of first enable signals DEN, to DEN,
(that 1s, a first cycle), only IN, 1s 1n a high state, and only
OUT, 1s 1n a high state.
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On the rising edges of second enable signals DEN, to
DEN, (that 1s, a second cycle), IN, and IN, are in a high
state, and IN, 1s 1n a low state even on the rising edge of
DEN,, and thus OUT, 1s maintained in a high state.

On the rising edges of third enable signals DEN, to DEN,
(that 1s, a third cycle) and since then, all of IN,, IN,, and INj,
are 1n a high state, so that OUT,, OUT,, and OUT, sequen-
tially make a transition to a high state in response to the
corresponding signals DEN, and thus the time interval is
trisected.

FIG. 4 1s a wavetorm diagram showing the results of the
simulation of the power management apparatus 50 shown 1n
FIG. 1, wherein results obtained by simulating the circuit
configurations of FIGS. 1 and 2 using Cadence’s simulation
tool (Cadence spectre) are presented.

A measurement environment 1s given such that three
harvesting power sources (energy harvesters) are used, the
input voltage range of each V., 1s set to a range from 0 V to
3.3 V, the supply voltage of a digital circuit 1s set to 1.2 'V,
At=300 ps 1s set, the supply power of each harvesting power
source 1s set to 10 uyW, V_.=1.6 V|V __, =1.2V, the period
of the clock CLK 1s 40 us, the charging power of the battery
1s set to about 30 uW, R,,=120 Mohm, and R ,=210 Mohm.

As 1llustrated 1n FIG. 4, 1 a change 1n voltage 1s stabilized
after 6 ms, i1t can be seen that supply voltage and charging
voltage are maintained at a constant level. Therefore, 1t can
be seen that power supplied by the three harvesting power
sources, that 1s, 10 uWx3=30 uW, continuously charges the
battery, without causing leakage power.

Depending on the characteristics of parts used in the
configuration of a circuit, power consumption 1n the power
management apparatus may vary, but when a System-on-
Chip (SoC) 1s manufactured using a Tatwan Semiconductor
Manufacturing Company (I'SMC) 0.13 um process, power
consumption including an external clock i1s about 1 uWw
under the conditions presented in the simulation. Therefore,
power transmission efliciency at this time 1s as high as
celliciency of the transmitted power/(input power+circuit
power consumption)x100(%)=30 uW/31 uWx100(%)
=96.7%.

FIG. 5 1s a flowchart showing the operation of the power
management apparatus according to an embodiment of the
present invention. In detail, FIG. 5 illustrates the flowchart
of an algorithm indicating a method of efliciently managing
respective energy harvesting powers and distributing and
supplying the powers to the battery when powers from n
harvesting power sources that use 1dentical or diflerent
energy sources are input to the energy harvesting system
either simultaneously or different times, and the energy
harvesting system 1s operated.

The operation flow of the power management apparatus
of FIG. § according to the embodiment of the present
invention 1s described below.

First, at step S10, energy harvesting 1s mitiated using n
multiple source inputs (harvesting power source nputs),
where 1 1s 1mtialized to “1” and 1=1, 2, . . ., n.

At step S12, capacitors C, for storing the outputs of
respective multiple source harvesting powers start to be
charged with electric charges.

Then, at step S14, 1t 1s determined whether the voltage V _,
of the corresponding capacitor C, 1s greater or less than the
threshold voltage V .,. These voltages may be compared by
the comparison unit 30, 32, or 34.

If 1t 1s determined that the voltage V -, of the capacitor C,
1s greater than the threshold voltage V -, (Yes at step S14),
a signal corresponding to such a comparison result 1s trans-
mitted to the control unit 36. The control unit 36 turns on the
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corresponding switch (one of switches 38, 40, and 42) via
the voltage doubler unit 44. Accordingly, at step S16, during
the check period At, the capacitor C, and the battery 18 are
connected to each other.

As the capacitor C, and the battery 18 are connected to
cach other, power 1s supplied to the battery 18, and the
capacitor C, 1s discharged (since power supplied to the
battery 1s greater than each harvesting power, the voltage of
the capacitor C, 1s decreased). In this case, capacitors other
than the capacitor C, are charged.

In contrast, 1f the voltage V .. of the capacitor C, 1s less
than or equal to the threshold voltage V -, (No at step S14),
it 1s determined whether there 1s another capacitor (C,, k=1,
2, ..., n, k=1) that 1s previously connected to the battery 18
in addition to the capacitor C; at step S18.

At step S18, if 1t 1s determined that there i1s another
capacitor (C,, k=1, 2, . . . , n, k=1) that 1s previously
connected to the battery 18 1n addition to the capacitor C,
the other capacitor C, 1s connected to the battery 18 (or the
connection 1s maintained) for the check period At at step
S20. In this case, capacitors C, other than the capacitor C, are
charged.

Meanwhile, 11 1t 1s determined that there 1s no capacitor
previously connected to the battery 18 in addition to the
capacitor C, (No at step S18), no connection 1s made
between all capacitors and the battery 18 for the check
period At and all the capacitors are charged at step S22.

Finally, at step S24, after the check period At, the above
procedure 1s repeatedly performed on a subsequent capacitor
via 1=1+1, and 1 1s mitialized to 1 (1=1) when 1=n.

FIG. 6 1s a diagram showing a modification of FIG. 2.
FIG. 2 illustrates the internal configuration of the control
unit when the number of harvesting power sources 1s 3,
whereas FIG. 6 illustrates the internal configuration of the
control unit when the number of harvesting power sources 1s
2.

When the number of harvesting power sources 1s 2, the
control unit includes a frequency divider 60, a Johnson
counter 62, and a switching control signal generation circuit
umt. Compared to the case where the number of harvesting
power sources 1s 3, there 1s a difference in the internal
configuration of the switching control signal generation
circuit unit.

That 1s, when the number of harvesting power sources 1s
two, the switching control signal generation circuit unit of
the control unit includes first to fourth tlip-flops 90, 91, 94,
and 95, and first and second AND gates 92 and 93. The {first
tlip-flop 90 outputs a signal in response to a first clock EN;,
output from a clock output unit (that is, the Johnson counter
62) and a clock output from the clock oscillator 16. The
second tlip-flop 91 outputs a signal in response to a second
clock EN, output from the clock output unit (that 1s, the
Johnson counter 62) and the clock output from the clock
oscillator 16. The first AND gate 92 outputs a resulting value
obtained by performing a logic operation on the output
signal of the first D flip-flop 90 and the output signal of any
one of a plurality of comparison units (for example, com-
parison unit 30). The second AND gate 93 outputs a result-
ing value obtained by performing a logic operation on the
output signal of the second D tlip-flop 91 and the output
signal of another one (for example, comparison unit 32) of
the plurality of comparison units. The third D tlip-tlop 94
receives the output of the second AND gate 93 through the
asynchronous reset terminal thereof, and outputs a control
signal for any one switch 38 of a plurality of switches based
on the output signal of any one of the plurality of compari-
son units (for example, comparison unit 30) and the output
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signal of the first D thip-tlop 90. The fourth D flip-flop 95
receives the output of the first AND gate 92 through the
asynchronous reset terminal thereol and outputs a control
signal for another switch 40 of the plurality of switches,
based on the output signal of the comparison umt 32 of the
plurality of comparison units and the output signal of the
second D flip-tlop 91.

Meanwhile, 1t 1s apparent that, when the number of
harvesting power sources 1s two, the number of comparison
units and the number of switches must also be two.

In accordance with the present invention having the above
configuration, there 1s an advantage i1n that when a plurality
of harvesting powers using identical or different energy
sources are input and supplied either simultaneously or at
different times through a power management apparatus that
has an uncomplicated structure and 1s operated at low power,
the supplied power may be efliciently managed, and distrib-
uted and supplied to the battery.

As described above, optimal embodiments of the present
invention have been disclosed in the drawings and the
specification. Although specific terms have been used in the
present specification, these are merely itended to describe
the present invention and are not mtended to limit the
meanings thereof or the scope of the present mvention
described 1n the accompanying claims. Therefore, those
skilled 1n the art will appreciate that various modifications
and other equivalent embodiments are possible from the
embodiments. Therefore, the technical scope of the present
invention should be defined by the technical spirit of the
claims.

What 1s claimed 1s:

1. A power management apparatus, comprising:

a plurality of comparison units configured to compare
voltages of storage devices respectively connected to
output terminals of a plurality of harvesting power
sources with a preset threshold voltage;

a control unit configured to control an operation of the
power management apparatus; and

a plurality of switching units installed between the respec-
tive storage devices and a battery and configured to be
turned on/ofl in response to switching control signals
output from the control unit and to form power trans-
mission paths between corresponding storage devices
and the battery,

wherein the control unit generates and provides the
switching control signals based on output signals of the
plurality of comparison units,

wherein the control unit comprises:

a frequency divider for dividing a frequency of an exter-
nal clock by a certain number;

a clock output unit for outputting a plurality of clocks
having rising edges at different times based on the
clocks output from the frequency divider; and

a switching control signal generation circuit unit for
generating and outputting switching control signals for
the plurality of switching units based on the plurality of
clocks output from the clock output unit and outputs of
the plurality of comparison units, and

wherein the switching control signal generation circuit
unit comprises:

D thp-flops of a first group for outputting signals gener-
ated 1n response to on the plurality of clocks output
from the clock output unit and the external clock;

logic gates for outputting resulting values obtained by
performing a logic operation on output signals of the D
tlip-flops of the first group and output signals of the
plurality of comparison units; and
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D tlip-flops of a second group for recerving an output of
the logic gate through asynchronous reset terminals
thereol and outputting switching control signals for the
plurality of switching units based on the output signals
of the plurality of comparison units and the output
signals of the D tlip-tlops of the first group.

2. The power management apparatus of claim 1, wherein

the D thp-flops of the first group comprise:

a first D thp-flop for outputting a signal generated in
response to a first clock of the clock output unit and the
external clock;

a second D flip-tlop for outputting a signal generated 1n
response to a second clock of the clock output unit and
the external clock; and

a third D flip-flop for outputting a signal generated in
response to a third clock of the clock output unit and the
external clock.

3. The power management apparatus of claim 2, wherein

the logic gates comprise:

a first AND gate for outputting a resulting value obtained
by performing a logic operation on the output signal of
the first D flip-flop and an output signal of a first one of
the plurality of comparison units;

a second AND gate for outputting a resulting value
obtained by performing a logic operation on the output
signal of the second D tlip-tflop and an output signal of
a second one of the plurality of comparison units;

a third AND gate for outputting a resulting value obtained
by performing a logic operation based on the output
signal of the third D tlip-tflop and an output signal of a
third one of the plurality of comparison units;

a first OR gate for outputting a resulting value obtained by
performing a logic operation on output signals of the
second AND gate and the third AND gate;

a second OR gate for outputting a resulting value obtained
by performing a logic operation on output signals of the
first AND gate and the third AND gate; and
a third OR gate for outputting a resulting value obtained
by performing a logic operation on output signals of the
first AND gate and the second AND gate.

4. The power management apparatus of claim 3, wherein
the D thp-flops of the second group comprise:

a fourth D flip-flop for receiving an output of the first OR
gate through an asynchronous reset terminal thereof,
and outputting a control signal for a first one of the
plurality of switching units based on an output signal of
the first one of the plurality of comparison units and an
output signal of the first D flip-tlop;

a fifth D tlip-tlop for recerving an output of the second OR
gate through an asynchronous reset terminal thereof,
and outputting a control signal for a second one of the
plurality of switching units based on an output signal of
the second one of the plurality of comparison units and
an output signal of the second D flip-flop; and

a sixth D tlip-tlop for receiving an output of the third OR
gate through an asynchronous reset terminal thereof,
and outputting a control signal for a third one of the
plurality of switching units based on an output signal of
the third one of the plurality of comparison units and an
output signal of the third D flip-tlop.

5. The power management apparatus of claim 1, wherein
the switching control signal generation circuit unit com-
Prises:

a first D thp-flop for outputting a signal generated in

response to a first clock of the clock output unit and the
external clock;
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a second D flip-tlop for outputting a signal generated in
response to a second clock of the clock output unit and
the external clock;

a first AND gate for outputting a resulting value obtained
by performing a logic operation on the output signal of >
the first D flip-flop and an output signal of a first one of
the plurality of comparison units;

a second AND gate for outputting a resulting value
obtained by performing a logic operation on the output
signal of the second D tlip-tflop and an output signal of
a second one of the plurality of comparison units;

a third D flip-flop for recerving an output of the second
AND gate through an asynchronous reset terminal
thereol, and outputting a control signal for a first one of
the plurality of switching units based on an output
signal of the first one of the plurality of comparison
unmits and the output signal of the first D tlip-tlop; and

a fourth D tlip-flop for receiving an output of the first
AND gate through an asynchronous reset terminal 2¢
thereof, and outputting a control signal for a second one
of the plurality of switching units based on an output
signal of the second one of the plurality of comparison
units and the output signal of the second D flip-tlop.

6. The power management apparatus of claim 1, wherein 25

cach of the storage devices 1s implemented using a capacitor.

7. The power management apparatus of claim 1, wherein

power supplied to the battery 1s greater than power supplied
by each of the plurality of harvesting power sources.

8. The power management apparatus of claim 1, further 30

comprising a voltage doubler unit for amplifying an output
ol the control unit 1n accordance with intensities of ON/OFF
control mputs for the plurality of switching unaits.

9. A multi-source energy harvesting system, comprising;:

a plurality of storage devices respectively connected to 35
output terminals of a plurality of harvesting power
sources, respectively, and configured to store respective
outputs of the plurality of harvesting power sources;

a battery configured to store power of the plurality of
harvesting power sources; and 40

a power management apparatus configured to transfer the
power ol the plurality of harvesting power sources to
the battery,

wherein the power management apparatus comprises:

a plurality of comparison units configured to compare 45
voltages of the plurality of storage devices with a preset
threshold voltage;

a control unit configured to control an operation of the
power management apparatus; and

a plurality of switching units installed between the respec- 50
tive storage devices and the battery and configured to
be turned on/ofl 1n response to switching control sig-
nals output from the control unit and to form power
transmission paths between corresponding storage
devices and the battery, 55

wherein the control unit generates and provides the
switching control signals based on output signals of the
plurality of comparison units,

wherein the control unit comprises:

a frequency divider for dividing a frequency of an exter- 60
nal clock by a certain number;

a clock output unmit for outputting a plurality of clocks
having rising edges at different times based on the
clocks output from the frequency divider; and

a switching control signal generation circuit unit for 65
generating and outputting switching control signals for
the plurality of switching units based on the plurality of
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clocks output from the clock output unit and outputs of
the plurality of comparison units, and

wherein the switching control signal generation circuit
unit comprises:

D flip-flops of a first group for outputting signals gener-
ated 1n response to on the plurality of clocks output
from the clock output unit and the external clock;

logic gates for outputting resulting values obtained by
performing a logic operation on output signals of the D
tlip-flops of the first group and output signals of the
plurality of comparison units; and

D flip-flops of a second group for receiving an output of
the logic gate through asynchronous reset terminals
thereol and outputting switching control signals for the
plurality of switching units based on the output signals
of the plurality of comparison units and the output
signals of the D tlip-tflops of the first group.

10. The multi-source energy harvesting system of claim 9,

wherein the D tlip-flops of the first group comprise:

a first D thp-flop for outputting a signal generated in
response to a first clock of the clock output unit and the
external clock;

a second D flip-flop for outputting a signal generated 1n
response to a second clock of the clock output unit and
the external clock:; and

a third D flip-flop for outputting a signal generated in
response to a third clock of the clock output unit and the
external clock.

11. The multi-source energy harvesting system of claim

10, wherein the logic gates comprise:

a first AND gate for outputting a resulting value obtained
by performing a logic operation on the output signal of
the first D flip-flop and an output signal of a first one of
the plurality of comparison units;

a second AND gate for outputting a resulting value
obtained by performing a logic operation on the output
signal of the second D tlip-tflop and an output signal of
a second one of the plurality of comparison units;

a third AND gate for outputting a resulting value obtained
by performing a logic operation based on the output
signal of the third D tlip-flop and an output signal of a
third one of the plurality of comparison units;

a first OR gate for outputting a resulting value obtained by
performing a logic operation on output signals of the
second AND gate and the third AND gate;

a second OR gate for outputting a resulting value obtained

by performing a logic operation on output signals of the

first AND gate and the third AND gate; and

a third OR gate for outputting a resulting value obtained

by performing a logic operation on output signals of the

first AND gate and the second AND gate.

12. The multi-source energy harvesting system of claim

11, wherein the D thip-flops of the second group comprise:

a fourth D flip-flop for receiving an output of the first OR
gate through an asynchronous reset terminal thereof,
and outputting a control signal for a first one of the
plurality of switching units based on an output signal of
the first one of the plurality of comparison units and an
output signal of the first D flip-tlop;

a fifth D tlip-tlop for recerving an output of the second OR
gate through an asynchronous reset terminal thereof,
and outputting a control signal for a second one of the
plurality of switching units based on an output signal of
the second one of the plurality of comparison unmits and
an output signal of the second D flip-tlop; and

a sixth D flip-flop for receiving an output of the third OR
gate through an asynchronous reset terminal thereof,
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and outputting a control signal for a third one of the thereof, and outputting a control signal for a first one of
plurality of switching units based on an output signal of the plurality of switching units based on an output
the third one of the plurality of comparison units and an signal of the first one of the plurality of comparison
output signal of the third D flip-flop. units and the output signal of the first D flip-tlop; and
13. The multi-source energy harvesting system of claim 9, > a fourth D flip-flop for receiving an output of the first
wherein the switching control signal generation circuit unit AND gate through an asynchronous reset terminal

thereol, and outputting a control signal for a second one

of the plurality of switching umts based on an output

signal of the second one of the plurality of comparison
10 units and the output signal of the second D tlip-flop.

14. The multi-source energy harvesting system of claim 9,
wherein each of the plurality of storage devices 1s 1mple-
mented using a capacitor.

15. The multi-source energy harvesting system of claim 9,
wherein power supplied to the battery 1s greater than power
supplied by each of the plurality of harvesting power
sources.

COmMprises:
a first D fhip-flop for outputting a signal generated in

response to on a first clock of the clock output unit and
the external clock;

a second D flip-tlop for outputting a signal generated in
response to on a second clock of the clock output unit
and the external clock;

a first AND gate for outputting a resulting value obtained
by performing a logic operation on the output signal of 13
the first D flip-flop and an output signal of a first one of

the plurality of comparison units; . . .
a second AND gate for outputting a resulting value 16. The multi-source energy harvesting system of claim 9,

obtained by performing a logic operation on the output wherein the power management apparatus further comprises

onal of th 4D flin-f q tnut sional of 20 @ voltage doubler unit for amplifying an output ot the control
Zlfgsozd 0;;2??1116 plu;;)lit; EFI;O;E;?SEE 118111%‘[23 ? unit in accordance with intensities of ON/OFF control inputs

a third D flip-flop for receiving an output ot the second for the plurality of switching units.
AND gate through an asynchronous reset terminal I
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